Oxidative DNA damage is associated with male infertility. The aim of this study was to evaluate the oxidative DNA damage of sperm cells and blood leukocytes and to determine the levels of MDA and NO levels in seminal and blood plasma of idiopathic infertile men.
Background
Infertility is usually defined as the inability to conceive after 1 year of regular unprotected intercourse [1] . It has been reported that nearly 40% of the issues involved with infertility are attributable to a male factor, another 40% due to a female factor, and 20% result from combined male and female factors [2] .
Excessive production of reactive oxygen and nitrogen species (ROS and RNS) (i.e., oxidative stress) is involved in the etiology of infertility, especially male infertility [3, 4] . All of these reports have associated ROS/RNS, generated both exogenously and endogenously, with several aspects of male infertility. Although ROS/RNS are important for various physiologic functions, excessive amounts contribute to oxidative stress and this may exert pathologic effects on the male reproductive system [5, 6] . The mechanism of action of ROS and RNS involves lipid peroxidation of the sperm plasma membrane, which is highly susceptible to oxidative damage due to large amounts of polyunsaturated fatty acids, by impairing membrane fluidity, and mobility [4] . In addition, ROS and RNS can damage sperm axoneme, and impair mitochondrial function, DNA, RNA, and proteins [7] .
In the present study, we aimed to evaluate levels of malondialdehyde (MDA) as a marker of oxidative lipid peroxidation and nitric oxide (NO) as a marker of RNS concentrations in blood and seminal plasma samples of infertile men in comparison with fertile men, and to investigate whether there were correlations with semen parameters. In addition, we determined oxidative DNA damage of blood leukocytes and sperm cells in fertile and infertile men.
Material and Methods

Study population
This study was a prospective case-control study of 52 patients (30 infertile men aged 22-40 years, and 22 healthy volunteers aged 22-44 years) in the Urology Department of Yüzüncü Yıl University Hospital (Van, Turkey). In this study, healthy fertile men were considered as those who had no chronic clinical illness and had had a baby within 1 year of unprotected sexual intercourse. All infertile men included in this study had had a minimum of 1 year of regular unprotected intercourse with their respective female partner. Physical examination and laboratory tests was performed to exclude men with known factors such as varicocele, cryptorchidism, and endocrine disorders. Patients who had taken antioxidant supplements in the last 3 months were also excluded. The female partners of the men had no history of untreated female-factor infertility and had a normal reproductive and sexual history, as well as a normal investigation results.
All participants were given an explanation of the nature of the study and informed consent was obtained. This study was approved by the Ethics Committee of Van Yüzüncü Yıl University.
Sample collection
Semen samples were obtained from April 2015 through September 2015. All the samples were collected in a sterile container by masturbation, after a period of 48 to 72 h of sexual abstinence. After liquefaction, aliquots of semen were centrifuged and semen plasma was isolated and stored at -80°C until required for the assay of oxidative stress markers.
Standard semen analysis
Following liquefaction, semen samples were evaluated for assessment of volume, appearance, pH, and viscosity. Routine semen analysis was performed in accordance with the World Health Organization (2010) guidelines; patients who had ³15 ×10 6 /mL sperm concentration, ³40% motility or ³32% progressive motility, and over 4% with normal morphology were considered to have normal semen parameters.
Assay of oxidative stress
MDA analysis
Analysis of semen plasma and blood plasma MDA levels were performed using the same high-performance liquid chromatograph (HPLC) with fluorescence detection (HPLC-FLD) as described by Khoschsorur et al. [8] . In brief, 50 µL of a sample was mixed with 0.44 mol/L H 3 PO 4 and 42 mmol/L thiobarbituric acid (TBA), and incubated for 30 minutes in a boiling water bath. After cooling rapidly on ice, an equal volume of alkaline methanol was added to the sample, shaken vigorously, centrifuged (3000 r/min for 3 min), and the aqueous layer removed. We then analyzed 20 µL of supernatant using HPLC (HP, Agilent 1260 modular systems with FLD detector); reversephase chromatography column, RP-C18 (5 µm, 4.6×150 mm) (EclipseVDB-C18; Agilent); elution, methanol (40: 60, v/v) containing 50 mmol/L KH 2 PO 4 buffer (pH6.8); flow rate, 0.8mL/ min. Fluorometric detection was performed using excitation at 527 nm and emission at 551 nm. The peak of the MDA-TBA adduct was calibrated as a 1,1,3,3 tetra ethoxy propane standard solution, which was performed simultaneously with the plasma sample. MDA levels are expressed as µM.
NO analysis
The measurement of NO in biologic fluids is difficult because this molecule is poorly soluble in water and has a short halflife; therefore, NO concentration was assessed by monitoring seminal and blood plasma concentration of stable oxidation products of NO metabolites (NO 2- /NO 3- ). Semen plasma and blood plasma total nitrite+nitrate level were measured using Griess reagent, as previously described [9, 10] .
The method is based on a 2-step process. The first step is the conversion of nitrate to nitrite using nitrate reductase. The second step is the addition of Griess reagent, which converts nitrite into a deep-purple azo compound; photometric measurement of the absorbance at 540 nm of this azo chromophore accurately determines nitrite concentrations.
DNA Isolation and hydrolyzation
The sperm cells were first washed with sperm wash buffer (SWB; 10 mM Tris-HCl, 10 mM EDTA, 1 M NaCl, pH 7.0) and then resuspended in SWB and lysed at 55°C for 1 h in the presence of 0.9% SDS, 0.5 mg/mL proteinase K, and 0.04 M dithiothreitol (DTT). DNA extraction was performed using chloroform-isoamyl alcohol (12: 1, v: v). The precipitated DNA was dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.0) and digested with ribonuclease A (10 units/mL, 37°C × 1 h) [11] . The blood leukocyte DNA isolation was performed with a commercially available DNA isolation kit (Cat. no. CS21110-96, Invitrogen, USA). The DNA aliquots were hydrolyzed using Kaur and Halliwell's method [12] . Before analysis by HPLC, they were dissolved in the eluent (final volume, 1 ml). DNA isolation from whole blood plasma was performed using a commercially available DNA isolation kit (Vivantis GF-1 DNA Extraction Kit Cat. No. GF-BD-100, China).
In the hydrolyzed DNA samples, 8-OHdG and dG levels were measured using HPLC with electrochemical detection (HPLC-ECD) and variable wave-length detector (HPLC-UV) systems, as described previously [13, 14] . Before HPLC analysis, the hydrolized DNA samples were redissolved in the HPLC eluent (final volume, 1 mL). Twenty µL of final hydrolysate were analyzed using HPLC-ECD (Waters 2065 electrochemical detector) and a reverse-phase chromatography column (RP-C18) (250×4.6 mm ×4.0 μm, Phenomenex, CA). The mobile phase consisted of 0.05 M potassium phosphate buffer [pH 5.5] containing acetonitrile (97: 3, v/v) with a flow rate of 1 mL/min. The dG concentration was monitored based on absorbance (245 nm) and 8-OHdG based on the electrochemical reading (600 mV). Levels of dG and 8-OHdG were quantified using the standards of dG and 8-OHdG from Sigma; the level of 8-OHdG level was expressed as 8-OHdG molecules per 10 6 dG.
Statistical analysis
All results are expressed as mean ±SEM. The statistical analysis of the data was performed using the Statistical Package of Social Sciences, version 16.0, (SPSS Inc, Chicago, Illinois, USA) and Graph Pad Prism version 5.
Our data showed normal distribution; thus, we used the independent samples t-test for comparisons between 2 groups. A 95% confidence interval was used. P values less than 0.05 were considered as statistically significant. The correlation between 2 continuous outcomes among infertile men was evaluated using Pearson's correlation coefficient.
Results
Characteristics of the study population, semen parameters, and the mean of MDA, NO, and 8-OHdG/10 6 dG levels of the 2 groups are summarized in Table 1 . There were no significant differences in the mean of participant age between the 2 groups, but the mean sperm concentration and sperm motility of fertile men were significantly higher than those of the infertile men (p<0.001 and p<0.001, respectively). The mean of MDA concentration in the seminal plasma and blood plasma of infertile men was significantly higher than that of the fertile men (p=0.001, p<0.001, respectively). Also, the mean NO concentration in the seminal plasma of infertile men was higher than that of the fertile men, although there was no a statistically significant difference (p=0.07) However, there was a statistically significant difference between the blood samples of the fertile and infertile men in terms of NO concentration (p=0.001). Also, the mean sperm cell and leukocyte 8-OHdG/10 6 dG of the infertile men were significantly higher than that of fertile men (p=0.04, p<0.001, respectively).
MDA and NO levels of semen were significantly positively correlated with sperm cell 8-OHdG/10 6 dG ratio (R=0.504, p=0.002; R=0.769, p<0.001, respectively). Also, MDA and NO levels of blood plasma were significantly positively correlated with leukocyte 8-OHdG/10 6 dG ratio (R=0.624, p<0.001; R=0.393, p=0.043, respectively). In addition, MDA and NO levels of semen were significantly negatively correlated with progressive motility ( Figure 1A, 1B) .
Sperm motility and sperm count were negatively correlated with leukocyte and sperm cell 8-OHdG/10 6 dG ratio. However, progressive motility was significant negatively correlated with sperm cell and leukocyte 8-OHdG/10 6 dG ratio (R=-0.357, p=0.026; R=-0.388, p=0.024, respectively) (Figure 2A, 2B ). MDA and NO levels of serum were significantly negatively correlated with progressive motility (Figure 3A, 3B) . The correlations among all parameters are presented in Table 2 .
Discussion
Semen analysis has traditionally been the cornerstone of evaluation of male infertility and remains the initial test of choice. However, basic semen analysis does not adequately demonstrate all parameters of semen quality and function, which are required for an optimum determination of fertility status [15] .
There is a consensus about the clinical use of seminal oxidative stress testing in infertility clinics [5, 16] . Studies have shown that a balance between ROS/RNS and antioxidants is undoubtedly important for a variety of functions in the male reproductive system, such as cell signaling, tight junction regulation, hormone production, capacitation, acrosomal reaction, sperm motility, and zona pellucida binding [16, 17] . In addition, some studies have shown that evaluation of seminal oxidative biomarkers (for example MDA and 8-OHdG) could be a valuable diagnostic tool for defining sperm fertilization potential [18, 19] .
The sources of oxidative stress in seminal plasma of infertile men are unknown, but some studies suggest that they may be produced by induced genital tract cells such as Leydig cells, epididymal or vas deferens epithelial cells, or spermatozoa itself, and in some conditions such as subinfectious or inflammatory disease of the male genital tract; induced leukocytes are the source of high concentrations of ROS/RNS in seminal plasma [20] .
MDA is the end product of lipid peroxidation and is, therefore, an indirect indicator of the intensity of the process in the cell [21] . MDA has been used as a marker of oxidative stress in several studies [22, 23] . The impairment of the antioxidant defence system in infertile men was associated with a significant accumulation of seminal plasma MDA as a biomarker of lipid peroxidation, which was negatively correlated, in turn, with sperm motility and morphology.
Examples of RNS include peroxynitrite anion, nitroxyl ion, nitrosyl-containing compounds, and NO. A moderate amount of NO in seminal plasma is essential for acrosome reaction, sperm motility, and capacitation [24] . NO increases the motility of spermatozoa by increasing energy production originating in the mitochondrial compartment [25] . It has also been reported that low concentrations of NO increase human sperm capacitation without affecting sperm motility [26] .
NO reacts rapidly with superoxide to form highly toxic peroxy nitrite (ONOO-). Both NO and ONOO-have demonstrated the ability to directly damage DNA [27] . Several studies suggested that ROS attacks the integrity of DNA in the sperm nucleus by causing nucleotide modifications, DNA strand breaks, and chromatin cross-linking [28] [29] [30] . ROS leads to oxidative modifications in the nucleic acids of DNA. There are about 20 oxidized nucleic acids found in the human body. The most abundant among these nucleic acids is 8-OHdG [31, 32] . 8-OHdG is used as a biomarker in the determination of oxidative DNA damage [33] . Spermatozoa have limited defense mechanisms against oxidative free radical attack on their DNA; therefore, 8-OHdG is produced during oxidative DNA damage. In addition, it was reported that sperm DNA damage was closely related to male infertility and 8-OHdG was a sensitive marker of oxidative DNA damage caused by ROS in human sperm [11] . Intact human sperm DNA is an essential prerequisite for successful fertilization and embryo development. Thus, sperm DNA fragmentation decreases pregnancy rates in assisted reproductive techniques [28] .
The blood antioxidant profile in relation to the semen antioxidant profile and semen quality in infertile subjects has been less investigated. An evaluation of the blood plasma antioxidant profile revealed significant differences between fertile and infertile subjects [34, 35] . Together with seminal oxidative stress assessment, blood oxidative status determination has recently been proposed as a valuable tool to evaluate sperm reproductive capacity and functional competence. Kodama et al. reported that the levels of 8-hydroxy-2-deoxyguanosine in sperm DNA were significantly higher in infertile male patients than in control patients and were correlated with sperm concentrations in ejaculates [36] . Hosen et al.
showed that sperm motility, count, and morphology were negatively correlated with oxidant status and 8-OHdG, and positively correlated with antioxidant status. They also found a positive correlation of 8-OHdG with oxidant status and a negative correlation with total antioxidant status [19] .
Guz et al. demonstrated that 8-oxodG level was highly and significantly correlated with sperm count, motility, and morphology and indicated highly significant elevated level of 8-oxodG in sperm DNA compared with DNA of surrogate tissue (leukocytes) in infertile men as well as in the healthy control group [37] .
In the present study, the levels of sperm cell and leukocyte 8-OHdG/10 6 dG had statistically significant differences between infertile and fertile men. Leukocyte 8-OHdG/10 6 dG levels were positively correlated with sperm cell 8-OHdG/10 6 dG levels and negatively correlated with sperm count and motility, especially progressive motility.
In this study, NO and MDA levels were detected at significantly higher levels in seminal plasma and blood plasma of idiopathic infertile patients than in normozoospermic fertile men. MDA concentrations in particular had statistically significant differences in blood and seminal plasma between infertile and fertile men (p=0.01 and p=0.001, respectively). NO levels in serum were significantly different, while there were no statistically significant differences in the seminal plasma. Seminal MDA and NO levels were negatively correlated with sperm parameters, and positively correlated with MDA and NO levels in blood plasma. A positive correlation of sperm cell 8-OHdG/10 6 dG with seminal MDA and NO levels and an inverse correlation of 8-OHdG/10 6 dG with motility and sperm count was found, which clearly indicated the effect of oxidative stress on fertility potentials. In particular, we observed that oxidative stress has a greater effect on sperm progressive motility than on other sperm parameters.
Conclusions
The findings of the present study suggest that oxidative conditions have a potential pathogenetic role in the reduction of sperm motility and count. We found high concentrations of NO, MDA, and 8-OHdG/10 6 dG in blood and semen samples from a group of infertile men. Therefore, biochemical evaluation of the blood oxidative stress profile may be a useful additional tool in the diagnosis of male infertility.
